The left ventricles of normal and diabetic rats, fixed by vascular perfusion were examined using modern stereological techniques to quantify changes in the morphology accompanying streptozotocin-induced diabetes. The heart weight to body weight ratio increased in diabetic rats whilst left ventricular volume remained unchanged. Papillary muscles from the diabetic animals showed prolonged time to peak tension and relaxation, and altered sensitivity to adrenalin and calcium. The apparent cardiomyopathy observed when body weight loss exceeds heart weight loss in experimental diabetes was accompanied by specific pathological changes in the composition of the left ventricle. In the diabetic animals the volume of extracellular components increased threefold and the volume of capillaries fell. The surface density and total surface area of capillaries was reduced, and oxygen diffusion distance to myocyte mitochondria increased. The volume fraction of myocyte mitochondria was reduced during streptozotocin-induced diabetes.
slowed relaxation time, and prolonged time to peak tension have all been reported [5] [6] [7] [8] .
A number of investigations have been carried out to determine structural alterations which might underlie the altered function in drug-induced diabetes, but the results from these studies are varied. Most have concentrated mainly on the ultrastructure of the cardiac myocyte. Varying degrees of damage have been reported, from no damage at all to loss of myofibrils, intracellular oedema, and/or distortion of mitochondria [9] [10] [11] [12] [13] . Thickening of the capillary basal lamina has also been reported by a number of authors [11, 12, 14] . Studies on tissue from diabetic humans have been equally inconclusive. Reported changes have included increased thickness of ventricular arterial walls in diabetic patients with no apparent changes in the relative densities of their capillaries and no significant changes in intramyocardial arteries [15, 16] .
In the studies on diabetes in rats, some of the described variations could be related to the wide range of experimental procedures adopted; for example, the use of different agents to induce diabetes, varying doses of drugs, inconsistent duration of diabetes, and animals of incompatible age or weight. The methods used for tissue preparation might also have some influence. The use of immersion rather than perfusion fixation, might account for some of the observed cellular damage. In addition, many of the results are subjective, and the exact extent of any changes is not clear. The majority of studies were carried out before modern stereological techniques became more widely used. This paper reports the results of a stereological study to determine changes in structure in cardiac tissue from streptozotocin-diabetic rats.
A. Warley et al.: Stereology of diabetic myocardium placed by its specific gravity [19] . The left ventricle was sectioned coronally into six equal slices. Either the first or second slice was chosen by lottery, and every subsequent second slice was taken until a total of three slices had been selected. Two pieces of each slice chosen were processed further, after isotropic uniform random planes of section were identified using the orientator principle [20] . A total of six samples per animal was therefore achieved. Tissues were rinsed in 0.1 mol/1 PIPES buffer, osmicated, bulk stained, dehydrated in an ascending series of ethanol solutions and embedded in Taab embedding resin. Sections were cut at a nominal thickness of i [xm using a Reichert Ultracut E (Vienna, Austria), stained with methylene blue and viewed using a Leitz Laborlux S (Wetzlar, Hessen, Germany). The same block faces were sectioned for transmission electron microscopy and sections were mounted on 300-mesh grids and stained with uranyl acetate and lead citrate.
Materials and methods
Generalpreparation. Two groups of sexually mature (10-weekold) male Carworth Sprague Europe (CSE) Wistar rats were used in this study. Two groups of eight rats were chosen by lottery; both had mean body weights of approximately 300 g. In one group diabetes was induced by a single intraperitoneal injection of streptozotocin (55 mg/kg body weight); the second group were used as untreated onset controls and were fixed immediately for light and electron microscopy as described below. The diabetic animals were allowed free access to food and water, and maintained for a period of 40-50 days. After this time the animals were weighed and heart tissue was fixed for light and electron microscopy. Treatment of the animals conformed with the Home Office Guidance on the operation of the animals (Scientific Procedures) Act 1986, published by Her Majesty's Stationery Office, London.
The rats were deeply anaesthetized with sodium pentobarbitone, a midline laparotomy was performed and the abdominal aorta was cannulated. A 1-ml sample of blood was withdrawn for glucose analysis and a 1-ml bolus of heparin was injected. An incision was made in the adjacent vena cava and the animals were exsanguinated by perfusion with physiological saline containing a final concentration of (in mmol/1): 10 PIPES buffer, 139 sodium chloride, 2.7 potassium chloride, 19.4 glucose, 0.0075 polyvinylpyrrolidone with a molecular weight of 40 000 (PVP-40) and 1% procaine at a pH of 7.2. This perfusion was continued until the heart ceased beating, typically 1-2 min. The combination of perfusion with a calcium-free saline and the addition of a vasodilator, ensured that the hearts were fixed in diastole with maximum vascular dilation. Exsanguination was followed by perfusion with 500 ml of a fixative containing 3 % glutaraldehyde, 0.5 % formaldehyde and 2.5 % PVP-40 in 0.1 mol/1 PIPES buffer at pH 7.2. Both solutions were maintained at a temperature of 20~
The perfusions were maintained at a pressure of 90 mmHg; monitored manometrically, this value corresponds to the blood pressure of these animals, as determined experimentally. The PVP-40 was added as a high molecular weight colloid to minimise oedema [17] . The fixed organs were removed and the right and left ventricles were dissected free, blotted and weighed individually. Heart weight to body weight ratios were calculated for both groups of rats using the body weight of the anaesthetized rat and the wet weight of the fixed heart. Blood glucose levels were measured using a blood glucose analyser [18] .
The volume of the left ventricle (including the interventricular septum) was estimated by weighing it suspended, then immersing it in saline and multiplying the weight of saline dis-
Stereology. An estimate of volume changes in the tissue was made by measuring the diameter of equatorially-sectioned erythrocytes from control rats and comparing their mean diameter with that of known physiological values. This revealed an overall shrinkage of less than 4 % which was considered to be negligible and was subsequently ignored. Subsequent morphometric analysis was carried out at two levels.
At level 1 (• 1000) the volume fractions of the left ventricle occupied by myocytes and all other components of the intermyocyte space was estimated from the 1-~m sections. Ten fields from each section were identified using a systematic random sampling routine starting from a random location outside each section. Each field was overlain with a 121-point square lattice and the tissue was divided into myocytes, capillaries, other blood vessels and extracellular space. The estimates of volume fractions of cardiac components were converted into volumetric data (mm 3) by multiplying the volume of the left ventricle by the volume fraction of each component. Estimates of length and surface density of capillaries (including post-capillary venules) were made at the same magnification using a Merz curvilinear test system with 36 points, a 19.3-~m spacing and a field area of 0.0134 mm 2. The Merz test system was chosen to increase the efficiency of sampling of an anisotropic tissue. Nine fields were selected per section in a systematic random fashion starting from a point off the section, giving a total of 54 fields per animal. The numerical density (QA) of capillary profiles was counted using the same frame and observing the forbidden line rule [21] . The length density of capillaries (mm/mm 3) was then estimated from L v = 2.Q A [19] . The total length of capillaries and post-capillary venules per left ventricle was estimated by multiplying the length density by the volume of the left ventricle.
The surface density of capillaries (mm2/mm 3) was estimated from Sv = 2. I L [19] . The total surface area of capillaries and post-capillary venules was estimated by multiplying this value by the volume of the left ventricle. The mean diameter (D) of capillaries (including post-capillary venules) was obtained by estimating their cross-sectional area (XSA) from V v capillaries / Lv capillaries and then multiplying the square root of XSA/n by 2 [22] . To obtain a direct estimate of capillary diameter, near circular capillary profiles, having an axial ratio of better than 1.1:1 and a diameter of less than 8 ~tm (following the criteria of Hyde and Buss [23] ), was measured from the projected 35-mm films used in level 2. A minimum of 100 profile diameters were measured from each animal.
At level 2 (x 16 500) the arithmetic and harmonic mean of tissue thicknesses from capillary lumen to myocytes and underlying mitochondria (T a and Th) and the volume fraction (Vv) of myocytes occupied by various organelles were estimated from 35-mm electron micrograph negatives projected onto the Values are means + SEM. Comparison between control and diabetic groups was made using the Student's t-test; NS, no significant difference; ap < 0.005 digitising tablet of a Kontron videoplan. Thin sections were sampled in a systematic random manner to obtain ten negatives per section. To estimate tissue thicknesses the images were projected onto a series of parallel, vertical lines 3 ~m apart. Orthogonal intercept lengths were measured in two situations: 1. whenever a test line intersected a mitochondrial outer membrane the intercept length to the nearest capillary luminal membrane was measured. This was considered to be related to the global mean diffusion distance for oxygen from the capillary lumen to the mitochondria of the cardiac myocytes.
2. Whenever a test line intersected a capillary luminal membrane the intercept length to the nearest myocyte sarcolemma was measured. This was considered to be the tissue thickness between the capillary lumen and the sarcolemma of the surrounding cardiac myocytes. In both cases all 60 negatives were used; this was sufficient to generate a minimum of 200 intercepts per rat. The orthogonal intercepts were converted to T a and T h by multiplying the arithmetic and harmonic means of the orthogonal intercept lengths by ~/4 (0.7854) or 8/3 ~ (0.8488), respectively [24] . A uniformity index of tissue thickness was obtained from Ta/Th [25] . This gives an indication of the regularity of the diffusion distance with unity representing a tissue of even thickness.
To estimate the volume fraction of the various organelles in myocytes a double square lattice with spacings of 0.5 ~m and 5 ~m was used. The larger spacing was used for estimates of the volume fractions of myofibrillae, mitochondria and cytoplasm. The smaller lattice was used for estimates of the volume fractions of lipofuscin, lipid droplets and elements of the T-system. Every other negative used in the estimates of barrier thickness was counted giving a sample of 30 micrographs per rat. These negative were projected to a final magnification of x 50000 and square lattice with a 5-~m spacing was used to estimate the volume fraction of components of the intermyocyte space. These were classed as collagen fibrils, amorphous ground substance and other components, including fibroblasts, neural elements etc.
Functional studies. Experiments to demonstrate that function
was altered in the diabetic hearts were carried out on a small number of animals (n = 6 for controls and n = 4 for diabetic rats). Diabetes was induced according to the protocol outlined above. At the end of the experimental period, rats were anaesthetized and the hearts quickly removed. A left ventricular papillary muscle was excised and mounted in a superfusion chamber. The muscle was secured at one end to a fixed stainless steel hook and at the other end to an isometric tension transducer using a fine silk suture. The preparations were superfused with a modified Ringer's solution at a flow rate of 10 ml/min. The muscle was constantly field stimulated via flat platinum electrodes on either side of the channel at a rate of 1 Hz and a pulse width of approximately 2 ms. The preparations were equilibrated for 90 min. At the end of this period the superfusate was replaced by buffer containing the appropriate concentrations of either calcium or adrenaline. Superfusion was continued until the response of the preparation was stable. The muscle was then superfused with the standard buffer until the response returned to normal. These methods have been described in detail in an earlier study [26] .
Statistical analys&
Values quoted are means + SEM. Statistical analysis was carried out using the Statgraphics statistical package. Comparison was made between the two groups using an unpaired two-tailed Student's t-test with p < 0.05 being considered as statistically significant.
Results

General characteristics and functional studies. The
rats which had been injected with streptozotocin showed symptoms of diabetes in that they lost weight, and blood glucose levels were increased fourfold in comparison with the controls (Table 1) . As a result of body weight loss, the heart-weight to bodyweight ratio was increased by approximately 25 % in the diabetic rats. Data from control and diabetic animals are given in Table 1 .
Under our experimental conditions both time to peak tension (62 + 6 ms, controls, n = 6, 123 + 20 ms, diabetic rats, n--4) and time to 75 % relaxation (66 + 3 ms controls, 121 + 33 ms, diabetics) were significantly increased in the papillary muscles from the diabetic animals, p < 0.05. The isolated muscles also showed a reduced sensitivity to increased concentrations of calcium (Fig. 1 A) and adrenalin ( Fig. 1 B) in the bathing medium.
Stereological studies. Stereological analysis showed that in the left ventricle from the diabetic rats there was a decrease in the volume fraction of the left ventricle occupied by cardiac myocytes in comparison with control rats (p < 0.01). This was accompanied by an increase in the volume fraction of inter-myocyte space in the diabetic left ventricle (p < 0.01). When the components of the inter-myocyte space were examined individually there was no significant difference in the volume fraction of larger blood vessels (including arteries, veins and arterioles) between the diabetic and control group. However, there was a Table 2 . Examination by low-power electron microscopy revealed an increase in the dimensions of the spaces between cardiac myocytes (Fig. 2 a, b) . In some regions this was accompanied by deposition of collagen fibrils (Fig.2c) but in others the inter-myocyte space was only occupied by amorphous components of the ground substances.
When these components were examined as volumetric data to see if there was any alteration in any of the reference spaces a slightly different pattern emerged 9 There was no significant difference in the total volume of the left ventricle between the control and the diabetic rats. There was no significant differ-
the two groups of animals. The volume of inter-myocyte space was 25 % greater in the diabetic animals (p < 0.01). The volume of blood vessels (arteries, veins and arterioles but excluding capillaries and post-capillary venules) was not significantly different between the two groups 9 The volume of capillaries and post-capillary venules was significantly less in the diabetic rats (p < 0 9
These results show that the overall increase in the mass of intermyocyte space of the diabetic animals was accommodated by a massive increase in the volume of the other components of the extracellular space, which include connective tissues, ground substances and neural elements. These data are summarised in Table 2 .
There was a significantly greater volume fraction of collagen fibrils (p < 0.05) and amorphous ground substance (p < 0.05) in the intermyocyte space of the diabetic animals but no significant difference in its other components. When these data were expressed in terms of their actual volumes there was a significantly greater volume (p < 0 9 of amorphous ground substance in the left ventricle of the diabetic animals. However, there was no significant difference in the volume of collagen fibrils or other components between the two groups. These data are summarised in Table 3 .
There was no significant difference in either the length density or the total length of capillaries and post-capillary venules in the left ventricle between the diabetic animals and the control rats. However, there was a significantly lower surface density of capillary and post-capillary venule luminal surface in the diabetic rats when compared with the controls (p < 0.001) 9 The total surface area of capillaries and post-capillary venules was also lower in the diabetic rats (p < 0.001), but there was no significant difference in the mean diameter of capillaries and post-capillary venules in the diabetic rats in comparison with control rats. However, when the mean diameter of near-circular profiles of capillaries having diameter of less than 8 pm was compared, the mean diameter of capillaries in the diabetic myocardium was significantly less (p < 0.001) than those in the control myocardium. These data are summarised in Table 4 .
Both the arithmetic and the harmonic mean of the tissue thicknesses from capillary lumen to myocyte sarcolemma were significantly greater in the diabetic myocardium (p < 0.001 and p < 0.005, respectively). There was no significant difference in the uniformity index of this tissue thickness between the two groups. These data are summarised in Table 5 .
There was no significant difference in arithmetic mean of the tissue thickness between myocyte mitochondrial outer membranes and capillary luminal membranes. The harmonic mean of tissue thickness however, was greater in the diabetic left ventricle (p < 0.01). The uniformity index of tissue thickness Table 6 .
Discussion
Streptozotocin-induced diabetes is n o w a well-acc e p t e d m o d e l for the study of l o n g -t e r m complications of the disease. The dose of streptozotocin (55 mg/kg) used in this study has b e e n shown to produce diabetes of m o d e s t severity. R a t s injected with streptozotocin at this dosage p r e s e n t with diabetes that is stable without insulin t h e r a p y [27, 28] . The progression of the disease r e p o r t e d here, increase in Comparison between control and diabetic groups was made using the Student's t-test; NS, no significant difference; ~p < 0.01; bp < 0.001 blood glucose, reduction in body weight, and greater heart-to-body weight ratio is in line with that reported previously by ourselves and others [10, 13, 29] . The decreases in time to peak tension, reduced relaxation time and altered sensitivity to calcium are also in line with previously published data [5, 6, 30] . The lowered sensitivity to adrenalin could reflect an adaptation to the higher levels of catecholamines which have been reported in diabetic animals [31] . The structural changes that we report here represent global estimates of the main components of the coronary vasculature of the left ventricle, namely the capillary bed and associated post-capillary venules. These were obtained using unbiased stereological techniques designed for anisotropic tissues and using random sampling procedures. Sampling encompassed the entire left ventricle, rather than being restricted to papillary muscles or to epi-or endomyocardial locations as in some previous studies [32] . As a consequence of using global parameters the mean diameter of capillaries presented here, which includes post-capillary venules, is somewhat larger than previous reports of capillary diameter deduced from frequency distributions of transverse sections. It needs to be kept in mind that our figures are for the sheet of vascular luminal membrane including capillaries and venules, that is available for effective diffusion of oxygen and metabolites to the adjacent sarcolemma of the left ventricular myocytes. We consider this global figure to be of greater physiological importance than that of the capillary bed alone.
A. Warley et al.: Stereology of diabetic myocardium We have demonstrated various morphological changes in the left ventricular myocardium of rats 48 days after the induction of diabetes. This may help to explain the pathophysiological changes associated with the onset of diabetes, i.e., increases in the volume of the intermyocyte space, accompanied by a decrease in the surface area of capillaries and venules of the myocardium, and extended diffusion distances from vascular lumen to mitochondria. These both confirm and extend the findings from other groups. The enlarged intermyocyte space, as we have demonstrated, agrees with the report of Thompson [11], who described an increase in interstitial tissue in rats 6 weeks after the onset of alloxan-induced diabetes, but failed to quantify the extent of the change. The greater volume of the extracellular space between myocytes is due to an apparently higher proportion of the amorphous components of the ground substance. This may represent a proliferation of some components of the extracellular matrix, or may be simply oedema.
The reduction in vascular surface area in the left ventricle is probably a result of a reduction in length and diameter of the capillaries and post-capillary venules, although neither of these alone was statistically significant. It should be remembered, however, that small reductions in capillary diameter may have profound implications on blood flow since the rate of flow in a tube such as a capillary is directly proportional to the fourth power of its radius. The change in Comparison between control and diabetic groups was made using the Student's t-test; NS, no significant difference; ap < 0.001 mean tissue thickness between capillary lumen and myocyte sarcolemma is a reflection of the increased volume of intermyocyte space. The arithmetic and harmonic mean of tissue thickness between the capillary lumen (oxygen source) and the mitochondrial outer membrane (oxygen sink) is a direct indication of oxygen diffusion distance. This would seem to be a more meaningful parameter than the usually quoted maximal oxygen diffusion distance, which is based on intercapillary spacing derived from the Kroughs cylinder model [33] . The latter model does not take into account the heterogeneous distribution of mitochondria within myocytes [34] . Maximum diffusion distance for rat papillary muscle has been quoted as approximately 7 ~tm [35] . It is therefore apparent from our values of the arithmetic mean of barrier thickness from mitochondrial outer membrane to capillary lumen of 2.18 ~m that mitochondria are most common in subsarcolemmal positions. This principle is well-established in fast oxidative glycolytic skeletal muscle fibres [34] . There was a significant increase in the harmonic mean of barrier thickness from mitochondria to capillary lumen but proportionately less than from lumen to sarcolemma. The diffusion distance for oxygen and metabolites will be least where a capillary surface is in close apposition to a myocyte and greater where it faces away from a myocyte. It is therefore apparent that the areas of close apposition of capillaries to myocytes are of most importance to diffusion. Therefore, the harmonic mean of tissue thicknesses, based on the reciprocals of the local thicknesses will be most informative, as diffusion is inversely proportional to the local tissue thickness.
There was no change in uniformity index of the latter indicating that the barrier was thickened in a regular fashion. The uniformity index of harmonic mean tissue thickness from mitochondria to capillary lumen fell, indicating a more regular barrier. This would suggest a loss of sub-sarcolemmal mitochondria or a rearrangement in favour of a more uniform distribution throughout the myocytes. This could be accommodated by a loss of some mitochondria, or a reduction in their individual size, either of which would be supported by the reduction in mitochondrial volume fraction described in this study.
To our knowledge the studies of Mall et al. [32, 36] , are the only other reports in which modern stereological methods have been used to objectively determine detailed changes in cardiac structure after the onset of diabetes. Comparison of the results reported here with those of Mall et al. [32, 36] , show both similarities and differences. The length density of capillaries in our control animals is in the same range as that reported by Mall et al. [32] , but somewhat higher and nearer the value that they report for their second batch of animals, the end-weight-matched controls. However, the studies of Mall et al. were restricted to the left ventricular papillary muscles and the duration of diabetes was only 28 days. These authors also used much younger animals in which body weight was maintained during the period in which they were diabetic. In the present study we used older animals in which the rate of growth has begun to slow down. These animals lose weight during the period of diabetes. To avoid the added complication of growth in the control animals we used onset controls as did Mall et al. [32] . Thus, the results reported here represent pathological changes from the initial non-diabetic state. It is highly unlikely that the changes reported are simply age-related. Rats of this age are in the stable region of their growth cycle. It is therefore most improbable that these apparently disadvantageous structural alterations would present as a result of 48 days of normal growth. The functional studies show that these changes take place in a tissue in which the contractility is decreased.
The structural changes that we demonstrate might well underlie the reduced function of the diabetic heart. The increase in the volume of extracellular components could increase the stiffness of the ventricular wall. The concomitant reduction in contractility would then result in a reduction in left ventricular ejection volume. The increased diffusion distance from capillary lumen to mitochondrial membranes demonstrated in the diabetic myocardium could lead to a reduced oxygen supply to the underlying myocytes; this would again be expected to lead to a reduction in function. In this latter respect our results are similar to several studies on the development of neuropathy after the onset of diabetes [37] [38] [39] . Studies on diabetic humans have shown a reduction in capillary density with no change in luminal perimeter and an increase in total diffusion distances in endoneural tissue from patients with severe neuropathy [37] . These authors showed that there was a direct correlation between capillary abnormalities and the severity of neuropathy. It has been proposed that reduced nerve blood flow underlies the development of neuropathy in streptozotocin-diabetic rats [38] . These suggestions are supported by the finding that central hypoxaemia in rats causes neurological defects similar to those which occur in experimental diabetes [39] . The results reported here suggest reduced oxygen delivery to the cardiac myocytes which themselves have a reduced content of mitochondria. Previous reports suggesting a loss of myofibrillae are not confirmed [10, 11] . The increase in free cytoplasmic components observed in this study is attributable to a loss of mitochondria. The proliferation of lipid droplets and elements of the T-system may reflect a change in lipid metabolism. Further studies will determine whether reduced blood flow underlies the development of diabetic cardiomyopathy.
